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Abstract. Blood system functions are very diverse and important for most processes in human 
organism. One of its primary functions is matter transport among different parts of the organ-
ism including tissue supplying with oxygen, carbon dioxide excretion, drug propagation etc. 
Forecasting of these processes under normal conditions and in the presence of different pa-
thologies like atherosclerosis, loss of blood, anatomical abnormalities, pathological changing 
in chemical transformations and others is significant issue for many physiologists. In this 
connection should be pointed out that global processes are of special interest as they include 
feedbacks and interdependences among different regions of the organism. Thus the main goal 
of this work is to develop the model allowing to describe effectively blood flow in the whole 
organism. As we interested in global processes the models of the four vascular trees (arterial 
and venous parts of systemic and pulmonary circulation) must be closed with heart and pe-
ripheral circulation models. As one of the model applications the processes of the blood loss 
is considered in the end of the paper. 
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1 INTRODUCTION 
Investigations of the blood flow mechanics were started long time ago. Most likely Euler 
in 1775 was the first who wrote equations for the blood flow in arteries. In addition, Young 
was the first who calculated the pulse wave velocity [1] in the artery of a human. Womersley 
summarized the physics of pulsative flow in the channels having flexible walls [2, 3] and oth-
ers. However, great numbers of nowadays publications affirm urgency, importance and in-
completeness of the problem of cardiovascular system modeling. 
Often in biomechanics, the blood is considered as a fluid. In simplest cases it supposed to 
be single-component, non-viscous, non-compressible while the most complicated models in-
clude chemical reactions between the components dissolved in blood. In any case, it should be 
mentioned that blood has very complicated rheological properties. It may be considered in 
terms of continuum media due to the certain conditions taken place in most parts of the circu-
latory system of the organism under the normal conditions [4]. 
Wide range of the proposed models may be classified by their dimensionality. Two-
dimensional [5, 6] and three-dimensional [7, 8] models are widely used for the blood flow 
analysis in specific part of the circulatory system. If applied to the tasks of global circulation 
such approaches require huge computational resources. One-dimensional models [4, 9-16] are 
often exploited for investigations of the pulse wave propagation and reflection from the vessel 
bifurcation. Such approach is more effective for the tasks of global circulation but it requires 
identification of the great number of ill-conditioned and strongly variable parameters describ-
ing the model. It also exist lumped models [7, 17-19] that in one of the most known cases are 
based on electro-mechanical analogies [20]. The latest approaches are based on the multiscale 
technique that combines the models of different dimensionality in order to include possibly 
greater parts of circulatory system e.g. [7]. 
In fact, circulatory system is a single whole structure that results in non-linear internal ef-
fects. Thus, ideal model must include possibly greater parts of circulatory system. In addition, 
such model allows to simulate different global processes such as feedbacks, interdependences 
among different regions of the circulatory system, matter transfer and others. 
As a basis for such model, we propose to use the model of non-linear pulsative flow of vis-
cous incompressible fluid streaming through the collapsible tube [14-16]. The flow is sup-
posed to be pseudo one-dimensional as all values are supposed to be averaged over cross-
sectional area of the vessel. By means of specific boundary conditions it may be generalized 
for the case of the pulsative flow through the graph of the collapsible tubes. Every edge of 
such graph corresponds to the vessel in cardiovascular system. Every node corresponds to the 
vessels bifurcation. The heart in these terms corresponds to the one specific node and per-
forms pumping function. The other group of specific nodes must be considered in the graph 
that corresponds to the junction points with microcirculation. In fact peripheral circulation is 
hard to describe in terms of such model. It requires to determine dramatically huge number of 
the parameters and computational resources. Thus some averaging procedures required to 
produce virtual vessels having properties corresponding to some macro area of the capillary 
channel. Another way to deal with this problem is to include the model of peripheral circula-
tion based on the principle of liquid filtration through the porous media. The multiscale ap-
proach can be realized using this model by substituting some part of the vascular network 
with appropriate local 3D model. 
To the knowledge of the authors quite a few reconstructions of the whole circulatory sys-
tem using at least 1D approach are exist at present [13, 21]. In addition linear theory was used 
in some approaches that simplified analytical and computational analysis and allows obtain-
ing experimentally proven results but it still carried some inaccuracy in the model. 
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2 MATHEMATICAL BASIS 
Physically blood flow is as pulsatile flow of incompressible fluid streaming through the 
network of the vessels. As the base model for such flow, we propose to use pseudo one-
dimensional model of non-stationary incompressible fluid streaming through the collapsible 
tube. All such tubes must be connected each other by the appropriate boundary conditions. 
For every vessel of kth generation the mass and momentum conservation are [4, 9-16]: 
 ( ) ( )/ / , , , ,k k k k k k iS t u S x t x S u r∂ ∂ ∂ ∂ ϕ+ =  (1) 
 ( ) ( )2/ 2 / / , , , ,k k k k k k k iu t u p x t x S u r∂ ∂ ∂ ρ ∂ ψ+ + =  (2) 
where t — time; x — distance counted from the junction point with vessel of younger genera-
tion; ρ  — blood density; k — index of the vessel; ( ),kS t x  — cross-sectional area; ( ),ku t x  
— linear velocity of the flow averaged over cross-section; ( ),kp t x  — pressure in the vessel 
counted off from atmospheric; kψ  — the impact from the external forces (gravitation, friction 
and others); kiχ  — parameters describing the impact i on the vessel k. 
As the flow described by the (1),(2) is supposed to be in collapsible tube having thin walls 
elastic properties of the walls must be specified. This relation may be regarded as “equation of 
state” for the wall of the vessel: 
 2* ( )k k k k kp p c f Sρ− =  (3) 
where kc  — rate of small disturbance propagation; *kp  — pressure in the tissues surrounding 
the vessel. For the most vessels the value of *p  is supposed to have zero value and just for the 
small pulmonary vessels it supposed to be equal to the pleural pressure induced by the bron-
chial tubes of respiratory system. The specific form of the state equation (3) depends on the 
type and size of the vessel [4, 10]. In this work for the most vessels was used the following: 
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where 0kS  — mean cross-sectional area averaged over one cardiac cycle; 
10.204kPaα −=  for 
arteries and 10.068kPaα −=  for veins; 2.5kPaβ = . 
In order to state correct boundary conditions for the task (1)-(3) the characteristic form is 
required that can be rewritten using the following vectorial notations: 
 { , }k k kV S u=
G
, 2{ , / / 2}k k k k k kF u S p uρ= +
G
 and { , }k k kg ϕ ψ=G   
along the ith characteristic: 
 ( )/ ,    1, 2ki k ki k ki k ki kW dV dt W V t V x W g iλ⋅ = ⋅ ∂ ∂ + ∂ ∂ = ⋅ =G G G G G G G  (6) 
where kiλ  — eigenvalues of Jacobi’s matrix k k kA F V∂= ∂
G G
 obtained from the equation: 
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 ( ) 0k kDet A Eλ− =  (7) 
where E  — unit matrix; kiW
G
 — left eigenvectors of matrix kA  that obtained from the set: 
 ( ) 0ki k kiW A Eλ⋅ − =
G
. (8) 
From the equations (1–3) it follows ( 1,2i = ): 
 1 1( 1) ; , ( 1)i ik kki k k k ki k k
k k
f f
u c S W c S
S S
λ + + ∂ ∂ = + − = − ∂ ∂  
G
. (9) 
Equation (6) must be combined with the other boundary conditions stated at the entry and 
terminal points of every vessel. In this connection if entry point considered the second charac-
teristic curve ( )2i =  is chosen in (9) that then substituted to (6). At the same time if terminal 
point is under the discussion the first characteristic curve ( )1i =  is chosen. Keeping this ob-
servation in mind the rest part of the boundary conditions can be stated. 
At the internal points of every vessel (that are not entry and terminal points), the initial 
conditions can be chosen rather arbitrary, e.g.: 
 0 00(0, ) , (0, ) / , 1,...,k k k kS x S u x Q S k K= = =  (10) 
After that, several cardiac circles must be simulated before stationary conditions correspond-
ing to the norm occur. 
At the entry points of the vessels (I) connected to the heart ( 0)x =  the blood flow is as-
signed as the boundary condition: 
 ( ,0) ( ,0) ( ,0)I I Iu t S t Q t⋅ =  (11) 
At the terminal points from the venous system 
vK
x X=  the pressure is set as the boundary 
condition: 
 ( , ) ( )
v vK k v
p t X p t= . (12) 
As global cardiovascular system considered the values of ( ,0)IQ t  and ( )vp t  must be ob-
tained from the set of equation describing the heart functioning [14-16]. 
At the bifurcations of the vessels the condition of the pressure difference (Poiseuille’s law) 
for every branch 1,..., Mk k k=  composing the node: 
 1 2( , ) ( ) ( , ), , ,...,k l k k k Mp t x p t R Q t x k k k kε− = =  (13) 
and the mass conservation condition: 
 
1 1,..., ,...,
( , ) 0
M M
k k k k k
k k k k k k
Q t x u Sε ε
= =
= =∑ ∑  (14) 
are stated. Here kR  designates the resistance of k
th branching section. For the branches incom-
ing into a node: 1,   k kx Xε = =  (terminal point) while for the branches outgoing from a node: 
1,   0k kxε = − =  (entry point). 
The blood flow in the region of the vessel bifurcation has very complicated structure. 
Therefore, such flow cannot be considered in terms of one-dimensional model and at least 
two-dimensional approach should be used instead. Such approach would resulted in dramati-
A.S. Kholodov, S.S. Simakov, Y.A. Kholodov, A.A. Nadolskiy, A.S. Shushlebin 
 5
cally increase of the computational cost because the thousands of the bifurcations have to be 
considered in our model. In order to simplify the model the equations (13), (14) together with 
(6) was proposed. Such approach seems to be reasonable in this case as the specific dimension 
of the bifurcation region is rather small (it has the same order as the largest diameter of the 
vessels in bifurcation) in comparison with the length of the vessel. Actually the more accurate 
approach must include the limit ratios from (1), (2) at every vessel bifurcation. They can be 
calculated from the Bernoulli’s equation in this case [13]. Such simulations were carried out. 
The results show that in the most cases the influence of the equation members proportional to 
the squared velocity is negligible in comparison with the members proportional to the pres-
sure in the region of bifurcation. This fact is also consistent with the analytical analysis using 
linear approach [21, 22]. 
At the junction points with the peripheral circulation the condition similar to (13) is used. It 
connected with the task of combining the models of peripheral circulation [23] and the model 
of the blood flow in large vessels [15, 16]. 
For numerical solving of the equations similar to (1), (2) there are many various numerical 
methods. However, special investigation was required and set of numerical methods devel-
oped before [24-27] was used to design software implementation of the model. In this connec-
tion one of the main difficulty was that the dimensions of the small vessels are differ from 
that for the large vessels by the factor of 2 310 10÷  that impose quite a strict constrains to the 
time step. The proposed methods allow to overcome this problem. 
3 RESULTS 
The one-dimensional structure of the vessels was reconstructed basing on the known ana-
tomical data [28, 29]. Specially developed software was used to convert them to the format 
suitable for computational simulations. The parameters of the models were identified from the 
anatomical and physiological data [4, 28-30] and some parameters were chosen basing on the 
model output to fit it with known data. Some simulations related to the parameters identifica-
tion were also presented at [14-16]. 
 
Figure 1: Pressure wave propagation through the arteries of pulmonary circulation. 
The results of the blood flow simulations in the arterial part of pulmonary and systemic 
circulation under the normal conditions are represented in fig.1 and fig.2 correspondingly. 
Grayscale designates divergence from the minimum value of the pressure. The scale is chosen 
separately for every vessel to make obvious the pulse wave propagation. Flow patterns during 
different distinctive parts of the period of one cardiac cycle are depicted from left to right. 
As a result, simulations reveal quite satisfactory correlation between the calculated data 
and the results of the experiments obtained from the known literature. It allows to state ad-
equateness of used mathematical approaches to the model construction as well as correct iden-
tification of the structural and functional properties of the cardiovascular system. 
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Figure 2: Pressure wave propagation through the arteries of systemic circulation. 
As one of the models application, the loss of blood during the damage of the common 
carotid artery is considered in this work. In terms of the proposed model this process can be 
simulated by the appropriate right-hand member in (1): 
 ( )*,K KS t xϕ α= − ⋅  (15) 
where K  — index of the common carotid artery; *x  — coordinate of the damage from the 
entry to the artery; α  — coefficient of the blood loss intensity. 
Computational experiments depicted in the fig. 3, 4 show the pressure and velocity pat-
terns as under the normal conditions (a) and during the damage of the common carotid artery 
(b-d). The following coefficients of the blood loss intensity were taken for these simulations: 
5 sec; 10 sec; 15 secb c dml ml mlα α α= = = . 
From fig. 3 it is easy to observe that due to the loss of blood the flow velocity is heavily 
decreased right ahead the damaged area and increased up to the normal value at the exit of the 
vessel. At the b-d parts of the fig. 4 the pressure decrease before the damaged area can be ob-
served along with its increase after the area of outflow. Such changes in the dynamic of the 
blood flow demonstrate that the flow pattern during the damage of the vessel tends to return 
to its normal conditions at the entry and terminal points. The changes in the blood flow during 
the damage are also result in blood afflux to the area of injury and therefore in increasing con-
centration of the substances that give rise to the blood coagulation. The simulations reveal that 
both effects may be explained just by the elastic properties of the vessel walls without any 
additional regulation. 
It must be pointed out that mentioned numerical experiments dealt with local process as 
they consider just one vessel during one heart cycle. The further experiments will examine 
changes in blood flow taking place in the whole cardiovascular system during the loss of 
blood having different duration and intensity at the local areas. 
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Figure 3: Pressure of the blood in common carotid artery under the normal conditions (a) and during the loss of 
blood in the center of the vessel (b-d). 
 
Figure 4: Linear velocity of the blood flow in common carotid artery under the normal conditions (a) and during 
the loss of blood in the center of the vessel (b-d). 
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4 CONCLUSIONS 
• Basing on the analysis of the existing methods of cardiovascular system modeling an ap-
proach was proposed that allow to simulate cardiovascular system as a whole. Constitu-
ent parts of the proposed model may be detailed, averaged or substituted by 2D or 3D 
elements thus allowing multiscaling. 
• The carried out simulations show flow pattern in the arteries of the pulmonary and sys-
temic circulations. They also reveal that due to the elastic properties of the vessels during 
the short-time loss of blood the flow pattern tends to return to its normal state. 
• The proposed model of global circulation is effective and useful for practical applications. 
It may be extended and adapted for many different tasks of computational biomechanics. 
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